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ABS’J’I{A(:’J’

All asscssImIt  of solicl-s(aic  UV/visible img,c sensor ICCIIIIOlOF,?r  for fu[ulc  NASA missicms  is pIcscI~tcci, ‘1’IIc  papcI }vill
altmp[  to SUIIIIIHII ix tk s[ak of lhc ar[ in ima~.c sensor ICCl  IIIOlO?,?r  in IIIC (Jnitccl  States, C.anarb,  JapaII,  and )iIIIopc.  “]’hc
slalc of the al[ ancl fulutc trcruds will bc compared to a folccasl  of fu[urc  NASA IIccds i]] scientific inulp,c SCIISOIS for
pla]lc[ary rxplo]atiol~,  catlh scicncc, astrophysics, and sj}acccraft sys[cIIM  such as slai  tIackcIs atd optical coltllil~lt]ic:ttio]~s.

1.1 N’1’RO1)U  (:’lION

‘1’lm  Natimml Aclrmau(ics  and Space Adlnillis[la[ion  uliliz.cs  a tvidc varic[)’  of i]lla~c sc]lsors  ill ils IWIIIIKCI  ad UIIIIHII\IICCl
sp:icc ]nissiol~s.  III 1993, a small s[ucly ~vas Pc[formcd by thc Oflicc  of AdJwllccd CoIIccpts aIKl l’cclIImlo~y  to bcttcl-
undctstanci  tlIc SMC of (hc art ill indus[r),  for advanced image SCHSOIS and to bcucI  unckrs{ancl  futur’c Il\issioll  needs :incl
rcquircmcllls  fol nc}~’ lccllncrlogs  Icscarcll,  clcvclopn]clIl  allcl  insc[[ion.  211c. scope of tl)c slud)’ lvas limited to visible aIIrJ
llVAisiblc  ilna[~,c sensors, and parlicular]y  clmrgc-coupled dcviccs  (CO )s) al~d aclivc  pixel scnso Is (A1’S], lvilh par (icular
a[[cnlion  to rcmtc,  scicll[ific  sensing applications.

‘1’lIc  study  wts pcrformccl  by intclvic}~ins  scicncc invcsligators,  NASA llcadquaI[c~s J)cIsoIII~cl,  itdus[ry  tccllllolo~,isk.  and
by visi[illg,  mln]crous companies a]ld labmato~ics  in [lIC US., Canada,  al]d Japan Addi(imlal  SOUICCS  illcludcd  ccr]]fcicllccs
such as tlw 1993 Sl>lt  t 03)s and Solid-State optical Scmsors III coIIfcIcIIcc  lIcld ill I;cbrua[)r  1993 ill Sail Jcrsc.,  C.alifoll~ia,
tl~c 1993 11[1;1;.  \VoIkslIop  011 CCIk and Advanced lmagc Sensors held in JuI~c 1993 in Wa[crloo, Ol\la]io,  Cwada, ald tlIc
1993 IItll]; ]ntct naliollal  It]cclron  l)cviccs  Meeting held in l)cccInbcI  1993 ill Wasl\i!l~,toll  1>(’. Matcl  ial frol}~ l~rcvious
NASA WoIkslIops  JVCIC also used, such as tlIc 1991 Astrotcdl  21 [1] aIKl tlIc 1992 Space Miclolccllllolog,  ics l?] WoIksl Iops.

“1’IIc  ptIIposc.  of fllis paper is 10 provide a framcltotk  for discussilip,  a possib]c  imfcstmcnt  slratc~y  for NASA i[~ tllc aIca of
scientific SCIISOIS  for UV/visible imaging. IIackg,lound  material 011 CO) and A1’S tccltl~ology is p]ovidcd.  A shor[
sulnnmry  of the s[atc  of the. aIt ill c.aclt  of the major mailufactll]cvs  is tllctl  rcpor[cd,  lJscI  rcquircmcilts  aIKl dcsifcs  aIc
addlcsscd, A SIIOII  scclicm on llJC likely areas of tccl] nology puslI  (}vithoul NASA in~’cs(]nc]lt)  is ~,ivcll.  l~ilmlly,  a bI icf
scctim) 011 a stla\vmrrn  iniwtmcjll  stratc~!  for NASA is prcsc]ltcd,

2. IJACKG1{OUND

‘IO pro~ridc cojllcst  fol dcscliption  of tllc s~atc of the all and futulc  technology IIccds, a SIIOII  lMCk~IONIId 011 (; Cl) al}d A1’S
tcchnolo~y is pIcscIIkxl,

U’])  tcchnolog,}’ lIas I)CCII dciclopcd for scic.r]tific usc sitwc its iln’clltio]l  ill 1970. “IIIC CCI) lIas sclctat  acivailtap,cs  o~rc~ its
vidicon-t  ubc aIKi pllotodiodc an ay prcdcccssms, Pho!odiodc ar~ajs,  ill tllc  ]atc 1 960’s, 13,-I]  used slvi(chcs to COIIIICC[
illdit’idual  pho~odio(ic  clclncl~ts  to a common oulput  line, ‘J’hc lli~ll capacitaltcc  of tllc  pllo[odiocic  oul}mt  Iillcs  con~bincd
\villl  laip,c sj~itcll  fccdlhrou@ and small photosicnals  c[catcd aII oppol[ul]il}’  for impoicd  illl:i~,il~g  clctccloI aI Iays. ‘1’l~c
CC]), ~~}llicl)  pl]~sical]y  transpor(cd  the pliotosig,nal  (o a COIIIIIIOI~  mI~pu[ alllplifrcr  sol~’cd  IIMII-y of tlic ciifticultics  associa[ccl
\\itll  tllc pcrfo IIlmIIcc  of pllo[cxlioctc arIays. ‘1’lIC principle of clIaIp,c t[al~sfcl minp, fI ingil~:: ClCC(I ic fields flolll  adjaccll[
Clcctrodcs  is illllclctlt  ill the CT]) collccpt  Charf;c is transfcr(cd  flolll  uIK!cr Ol)c clccl Iodc to IIlc IIcx[, ill Shift lcgistcr
f:tsl~ioll, by }al)il~~ IIIC ~olt:i~cs  011 tllc oicrlying, MOS clcctrodcs. ColIIpaIcci to tltc  photodiodc  aIIa}$S,  unifolmit~’  il]lp]o\’cd
lllrou@ tllc use of IIIC COIIIIIIOII output  al]~plificr  and noise Mas g, IcaIly Icduccd  ~Jitll  the usc of a SIIHIII flcmlin~, diffusiolt
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calmci[ancc  rrIKJ tllc. illtroduclioli  o f  coflclated  ctoub]c samplin~. With tllc concurrcal  CJcl’cloplnult  o f  lllc[rrl-oxidc-
scllliconduc[or  (MOS) technology in the early 1970’s for iatcgra(cd  ciicoil  applications, ~~1) pc~foralal[cc Colllillucci  to
illq~tovc. NASA ~odc R (now Gxtc ~), rccogni~.iafl the potential for rcplacinfl  krU’-1C]iabilli~ \’idlCOll  vacuum  tabcs w’itll a
solict-state inm{l,ing dcvicc, supporicd  lhc dcvcloplncal  of Sciclllific  CClk, t~’llilc  iac]astty dcJ’eloped coll~lllclcial  CC.I)S fol
video applications [5]. III [l)c 1980’s,  tk advca( of tllc coasanw calncordcr  helped boo[s(rap JajxIImc ilmm[n~cll( ill (x])
tccl~no]ogy to ilt~provc yield, pcrfo~a~allcc aad rcducc n~aaafac(uriax  costs, Sciclllific  CX3) dcvclopll~cnt  ill llIC LJS lost its
syncr~,isln  wit]] coala~cfcia] Ul) dcvclopJacJll  as camcorder ~~1) maaufactwiap,  ntowd  to Asia. (h}ly 1)01) and NASA
SIJ])POI’( hc]pcd J)lainlaia  a tcchJIoloF,s  base in the LJS., thow,ll clcclrollic  i~llaP,iJ18, aS a rwlaccll~cl~l  for Pl~QtQF,lal~~lic fil W
hs rrlso d~ ivcl  I cent iltacd  dcvclopncat  of CCD lcchaolop,y. ~’oday, scicn(ific  (KIM rcprcscnl  a maikct  niche for sci’cral
Co]llpaaics  ia lIIC lJS,  but Asiaa intcrcsl  i!) producilg  scicJl(ific  CT1)S glow’s,

As a fiist Sclwralion  solid-s[atc  ima~iap,  dcvicc (cchnolog,y, sciclitific  CCI)S IIavc. naJtJcious  pcjformaltcc aclvajlla~cs  OVCI
n]os[ compc[iap, tCC]lJIO]OgiCS  for UV/visitrlc  imat,ing.  Ilesc inclwtc  small pixel size, high fill-fac{or, large format, lotv
Icad noise aad low dark cu[icnt.  A second gcncratioa  of solid-slate image SCIISOJS, tllou~ll,  would include oa-c]lip  tilllin~
aact control clcc(ronics,  signal pjoccssia~  aad aaalog-to-dixital  comwsioa, ia addiliolj  1 0  ]Iip,ll  pcrforlaallcc illu{gc
acquisitiol~,  I)UC to the limitations discussed below, tllc (X3) may JIOt bc a viable caadida[c for SUCII a second gct~cta(io!l
inmf,inp, lcchl)olo~y.

III the 1980’s, scica[ifrc  CC]) tcchao]ogy  began to sigaificaatly  divctgc  fro]l~ maim(rcalu  iatc~:la(cd  cilcuit  tccl~llolo~y.
Wllilc  bolll  cIIIploy MOS s(rac(ufcs,  complcmcataly MOS ((’M(E) II:N crIIcIp,cd as tlIc.  dolllinallt  technology for
ill~j)lcli~cI]la[iol] of both  analog aad digital in(c~ratcd circuits for mictoproccsso!s,  mcJnoIy  at~cl custom apl)licatiol)s  (a.k.a.
a]J])licatio]l-sJ)ccific  i]llcgya[cd ciIcaits  01 ASICs). ‘J’bus, tlIc usc Of CMOS foI digital ti]~~i]lg ami sip,llal  Jmccssillg  011 the
Saalc c]]ip as (]IC (:C1)  ]cqllircs  OJIC of tw’o lJadcsi[ablc  coJllIKomiscs.  l;itlm tlm (;~.i) or ~h40S SIIUCIUIC 11111s[ k allcrcd  to
coaforlll  to a combi  IIcct pJoccss Icm!t  iag ill Iowcr ~.~.[ ) or CMOS pc] fonlmncc, or a si~jlificanl  lIuJabcf of addi[iona]
f:ibricatioll  s[cps  nmst bc inscrlcd  to allow both s(rac(arcs  to bc fabricated al Pc.nal[y  of rcdaccd yield and incfcascd
mallafactuiiap,  COSI,  A second aacl cqaally  important issue for the intc.~ratiol~ of CClk  aad CN40S is lllat  large alca CCIJS
alc inhclwtly  lli~l~ly  capacitil’c  dcviccs, ‘1’o dlivc  such high capacitaaccs  at reasonable imagiap,  rates, large curvca[ clrivc
capability Jvitll associated lligt~  powcJ”  dissipation mast bc iacal Icd. “1’his is gc]lcIally  uildcsirablc  for nlo.sl  applications.
I’bus, JX1)S :IIKJ CMOS arc diffrcult to iatcsra[c  for scJ’cral rcasol~s. (1 ,illcar  (XIJS fo] coIisa[IIcI applicatio]ls  of(cn u(ilim
ol~-cllip  CMOS cilcuits,  and some sIIIall  CCIJ area arlays  have bccJl  ialcgjalcd  with Ch40S),

“1’hc]c  alc additional diflica](ics  with (XI) tcchaology  tllal  arc all trxcabk  to tlm fandanml][al  pril]ciplc  of opcjaiio}i  of a
ccl) -- clmt[:c  ttar~sfcr. la order to n~aiataia high signal fidelity in a CC1) ill~agc SCIISOI,  clmI~,c  IIIUS( bc ])llysically
transpo~lcd  10 IIIC outpat  aa~plificl  with nearly pet-fcc( chatr,c  ttaasfcl  Cfl-JCiC1lC~  (CH’11), i,c., no clmi~c call bc 10SI duc to
traps 01 spillia~;  cI~ JOMC to tk amp]ificr,  lior  a lar~,c nambcr  of kansfcjs  (e.g. 10,(KK)) tlic tlal)sfcr  Cfl~CiCJIC~ pcl l[aasfcl
lllusl  lx very hi{:li  (c,g, 0.999999) so that the net trallsfcr ctTcicncy  (0.999999] ‘)()()() = 0,99) is Icaso]lablc.  ‘1’lIus,  (T1)s
lcquilc  laif,c  clocking vollagcs  (10-15 volfs)  to enable hig,lt  C’J’Ii, CCI) pmfoni~ancc  dc~radcs  ~vitll  itlcicasias  arfay size
UIIICSS 0’1:  is i]lclcascd,  CCl) pcrforma]lcc  dcf,radcs with illc!c.asins  readout ]atc si]]cc C’1’li drops al higltcr  tra!lsfc[
speeds, C(:1 ) pcrforlnancc degrades it] the prcscjlcc  of trap-inducing radiation (cspc.cially  pr o[oas), (’(’[)  pcrfoI II NIJK’C
dcgladcs  at lo\J tcllll)ctatutcs  clac to (Iappin!,, and CCl)s do J~ot allow raadom access or sill]plc  ~till(lo)v-of-i]l[clcs(  IcadoIIl
opcjatio]] since all dala Inust pass tl\IoHglI  the output amplific]  01 into  a dUIIIp drain,

l)csl)i[c  tllcsc, Iil]litations,  scic]itific  (TIM have acllicvcd  al) itaptcssivc  ICJJCI  of ])crfo~[wlllcc. ArIa~s as laIp,c as 2K x 2K
arc toutincly  fab icatcd }vitll “7. S I(III pixels, S0,()()()  clcclron full Ivcll capacity, C’1’li p,rcalcl  (baa 0,99999S, 100111
tC.Jl)J)C1:)tUIC  daJk CUll CJlt  ]CSS than ZS pA/CJ112, IcsImnsc  non-l  incality  less tllall  OIIC pcIccII(,  uaifol  Init}’ Icss than tl}o
pctccnt,  scl]siliJi[!  of 1.0 pV/clcc(IoII (kcpI low to ]aailllaia  ]illcari[y)  aad rcadou[ noise of Icss tlIaII S clcctlolis  1.In,s.

2.2 A(:’J’I\71:  lIJXltl  , SENSORS (Al%)

‘1’IIC need to adciIcss  tlIc. limitations of the CC]) liavc lcd 10 a IIc\v image SCIISOI  tccll]]olo{:y,  tl]at ijl SOIIIC.  SCIISC,  is a Iwrtutal
evolution of tl~c 01 ip,iml  J)hotodiodc  ima~itt~ dc[cc[ot arjay coj]~bil~ccl  ~vitll SOIIIC  CC’1> ccIIIccp Is. III IIIC ac~ii’c  pixel illuif,c
SCINM, actiic i]ansisto~s  alc localcd within  cacl] pixc] 10 aalpli[}  anrJ baflcr the si~,lml  [6], CIIa I:,c dots 110( ncc(i to bc
t[al~spoi tcd acloss p,[cat distaaccs  to al) output amplificI  so that all of tllc {iIa~Jbacks  of IIIC CCI) related to clIaI{;c.  tlallsfcl



aic climina(cd.  1 mv vollap,cs  operation is cnablcct, Pclfornlancc ciocs Imt cicgtacic  wi{h incic.asillr,  allay sire, rcaclcmt mlc is
illclcascd,  ladiatioll  vulmabili(y is cicc~cascd,  low tcmJmaturc  performance is cmblcd, and raudom access  alchikclurm
bccomc  possible. l;ur[hcnmorc,  compa!ibilily  \vitli  ml-chip  Ch40S timinp,  and conltcd, signal processing and analo~,-to-
cii~ital com’c~sioll  is generally inctcascd,  thou~li  fcu SOIIIC  high puformancc  AI’S siructurcs,  additional fabrication  steps arc
s(iii  Icquircd,

A1’S dclcc[or  allays  llavc tl)c same gclicrai  dctec(ion  cilaractcrislics  as (’~lk oj]tical  quailtum cilicicncy  is silniiar  to tllc
Kl), and tcclmiqucs  u.scd  for CCIX SUCII as pinned photodicxics,  usc of iUIIIOgCII \va\’clc]iyJli-s\~ifti]]F, j)llosp]lors,  and
backside Ihil)niltg  for LJV mthanccmcnt  arc rclcvallt  10 AI’S tcchIIologI,?  as \vcli, Dal-k curtcut has simiiar  ii~nita[ions,
lIIOUCII  opcra(ioll  in a pi!lncd  surface mock has not yet been dcmons[ratcd  for tiIc Al’S. IIowcwr, the AI’S can bc cooled to
a much IOWCI tcmpcralulc  Ihall  the CX2) 10 ftlliy supp~css  ciark CIIIICIIt  and 1101 suffcl  pcrfo~mancc dcg,ra(ia(ioll  (iuc to C1’Ii
lillli(a(ions.  Ilccausc IIN A1’S can bc designed for non-ctcstructiJ’c  mdoul,  multiple sampling my bc mcd to Icdwc rcacl
lloisc  to lIIC sub-clccl(on  lcvci as has bcc.rl ciclnollstratcci  for KDs.

‘1’iIcIc  arc soInc  iccllno]ogical  hurdics  stiil  to bc closscd  by the A1’S before i(s pc[formancc  for scicl~tific  applications
bccomcs  comlklitivc  to Il)c (X1). ‘1’licsc  incluctc improvcmcllt  in optical apcr(urc  or fiii-fac(or,  possibiy  tlllou~,tl  tllc usc of
nliclolcnsc  lcclll]ology, lcduc[ioll  or flxcd paltcrll  IIoisc duc to al]lJ~lificI  -to-a  llll)lificr  operat ing cllarficlciis(ics,  al}d
lcduction  in daik culrcnt, None of these hurdics  is fundamcn[ai,  ami flivcn tlw relative immaturity of APS tcchl~olog,y, it is
cxpcctcd  that most will bc crossed in a fcw ycals, Mcalnvlii]c,  A1’S lcchno]o~y is finding  its ON’H  niche ill lot!’ COSI,  lCSS
dcmalldin:  colnnlcrciai  applications SUGII  as video plloncs,  machine vision  allci con)putcl  input ctm’ices.

2.3 0’1’1111{ lMAGIc SENSOR ‘J”RC:JINO1OG1M

‘1’lwIc  alc OIIICI illla~c sclisor  tcclmologics  that could lx consicicvcd  for scicl]tific  remote scllsin~  apjdica(io]ls, Statc-of-tllc-
art idlotociiocic  aII;iys llavc  read noise of tllc o~cicr of 3(KI c- r.m. s, allci clmr~,c i~ljcction  dcvicc.s (~.li)s)  aiso IUI}C IIig)l  Jcaci
l~oisc,  of tllc orclcr of 2(K) c- r.ln, s. (2S c- r,m. s. aftcl  1(X)X  owrsalnp]inf,  ) [7], ‘1’bus, these tcchtmiof,ics  arc not considered
fullllct  here, 1 lybliri  dcviccs  arc of(cn uscci fo~ illf!arcci  focal -plallc at lays but IIOt gcIicI:illy  for visible um’clcIIp,[lIs,  IIybt id
alrays a~c also gculcrally  lilni(ccl  to smali  ar~ay sim (utldcr  512 x 512), lat F,cr pixci  pi(chcs  (25 IUII),  and hip,hcr  I cad noise
(30 c- 1.m,s.). Microcl~anncl  plate dcviccs SUCI] as tllc MAMA alc u]]cicl cicvclopll]cllt  fc)r lJV iluap,ill~,  and lIOICI  gtcat
p]o]nisc  fc)] ]OIY baCk~,[OLllld  scic.iltific  ilnaginF,  bui alc not solici-state in~afiillF,  dcviccs  allci were beyond ti)c scope of this
Sluciy.

3. s’J’A”l’lt  OR ‘1’lltt  AR’1’

II) tl~is scctio]~, an at[cllq>t is mactc  to summarize the state of tllc all ill solici-s[atc  inlaging clcviccs. It shoulci  bc utic]crsiood
that any such summal-y  is a simple snapshot in lime, and any F,cllcraliz.a[ioll  is al\Jays  sut~cct  to Cxccptions.  ‘1’}Ic  Iisl  is as
colnplctc  as possible at IIlc tilllc  of (Ilis w itill~.

(’IIYI’JK (1 .ivclpool,  NY) produces clmrgc injection dcvicc (CIIJ) ill]aF,c  SCIISOIS, C1lJS feature randcril~  access capability,
]]oll-dcs[lucii~’c  ]cadou(,  ]aciiatio]~ harcincss  al~d Iligll  frii-fiictor.  1,al~cst  ~ii} al tay sizes a[c S1 2s51 2, {)11-cllip  si~tmi
ploccssill~  circuits ]Mvc been incoriml:itcd  to Jcciucc noise. ~’ypical scientific pixel  l)itc]}  is 28 }~n],

Rcticcm (SuI~I)y\wlc,  CA) orip,inally  prociuccd pllotoc]iocic  ar[ays  (a  1:.a “Ic.(icolls”). IT) a[idiliol} tc) pllc)lc)ciiocic  arlays.
Rcticon  aiso fabrica[cs  CCIX ill ~’alious  formats. “1’yi)ical pixei  si7,c is 12.5 I(N) 011 4 incl] uafcls  aJNi ltcliccm  has
clctl}ol~s[latcd a~la}s sixes as large as 2K x ?K, ILcticoll Ilas cim’clopcci  a backsiclc  tllilllii]lg  cai)abili(y  01) a (iic-by-ciic  basis.
}{clicon  CIC)CS  1]01 ~cj)cla]ly pCJ”fOJlll  a (:CI) foundT”y  SCIVICC, but wiii cicsig,ll  allci  fab~icatc  CUSIOIII  (’(])  illl:igc SCIISOIS,  a[ld
\viii collsicicl  founcily-type aI ]al~~,cntcnts.  Rcticol}  ltas  also clcvclojrui  a si~ccial[y ill IIif,li  ftalllc  rate i]llap,c  sctlsoIs,
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lIIM RCSC.WCII l)ivisirm  (Yolklown  }lci~hts, NY) produces low VOILIIUC,  Iargc ‘J’1)1  OJI) image. sclwots  for IIIM clocmncnt
scallmrs  using  two ply, four phase fcchnology, (X3) production is at llIM in Japau.  lflM does not prc.scntl}’  I)rovirlc  ccl)
found]y  SCJ vices a]d clocs IIOt have a backside thinllinf,  capability.

Kodak (I<ocl)cslct,  NY) is Iikcly  tllc largc$(  volulllc podwcr of (TIJs  ill llIC Unitul  States, Kodak makes both illtcllilic.
tlallsfcI  dcviccs  as Jvcll  as fuli-frame dcviccs  wilh a n~asimm dcmolr+lratcd  size of 2K x 3K, and ]nmc typically lK x IK,
1’l)c intcllinc  tlansfcl  dcviccs utiliz.c a pinned phobdiodc  stmctwc for 10IV dark cuffcnl and good blue Icsponsc.  l[lcc(ronic
shu(IcI  ins al]cl VCI tical overflow dlain  (VOI)) s(ruc(urcs  arc commonly c.mploycd. Kodak dots not operate in a foundly
IImdc but will perform cus(oln  dcsi~n of ~~I)s and has a large I<&I) group. 111 full flame dcviccs, the smallcs[  pixel siz.c is
apptoximalcly  6.8 pm x 6.8 pm, and for interline dcviccs, 6.8 pm x 7.8 pIII. Wafer thinainf,  is IIOt presently a~’ailablc  from
Kodak.

1,i((on (forll~crly  Varian) produces (iaAs/AIGaAs CTl)s fo~ 1)01)  applications. ‘1’}Icsc alc gctlcrally  sllmll  arrays  (e.g.
100X1(N)” tllal  arc Iadiatioll  hard.

1!01’(71

1,o~al colllp]iscs  tlic  fonncr  l:aircllild  (Milipi(as,  CA) and I~ord Acronu([onics  (Ncwpor( llcach, CA) CXIJ maimfaclurcls.
1 ,oral specializes in lli~h Pcrforlnancc,  large fomat ~~l)s  with lypical  pixel si~cs rallgill~  floltl  7.5 IIm (0 15 pm.
‘1’yl~ically,  a 11 iplc po]y, tllrcc  p]lasc al-chilcc[urc  on 4-inch wafers is used, 1,o~al has dclnons[ra[cd  a 4K x 4K scl~sor and
rou[i]icly  fab~icatcs 2K x 2K sensors. 1,oral also scwcs as a ~~[~ foul~dry  sclvicc,  fabricating uscj-dcfillcd  dcsi~as  at tllc
wafcl lot ICVCI, in addi[ion  to providing design sctviccs. Wafer (himiing  is HO( prcsmtly  available from I .mal. I oral has a
lal-~c 1)01) busillcss  base ill infrared and visible CK1)S ill addi(ion to scic]ltific  i]l)a~il){:,

Orbit Sclniconduc(ol  (Sunnyvale, CA) has rccctttly announced a K] ) founclry  scwicc. in add it ion to their CMOS foundry
Very Ial-Sc fonllat  a[lays  have bcca produced, up toscI ~’icc. ‘1’ypical achievable pixc]  size is 5 pln on 4 inch wafers. .

8 Mpixc]s  ancl larger. ol-bi(  will also pcrfonn custom (XX) design

l’olwoid

Polaloid (~anlbridgc,  MA) pcrfonns image sensor R&I) for both (1’l)s aucl ~l[)s. Polaroid CIOCS not CUI Icntly SC1l inmr,c
sensors cxtclnally,  but sapp]ics  intclilal  cus(on)cts.  Polaroid dots not prcscilt]y Iwlforln founclry  N’olk and dots 110( lla}’c  a
backside thinning capability.

Salnofl (1’rinccton,  NJ) is the former RCA I,abmalorics. SarllofT’  pctfof ms cm([ac( ILQIJ cm spcciali~.cd KIJ clcviccs  and
slnall  VO]UIIIC  production of UV/visible. and 11{ CO) amys. “1’llcy fablicatc lllulti-poly arclli[cc[urcs  on 4 ITICII  lJafcIs,  a]ld
lm’c a wafer-lcvc] backside Ihintling  and high tcmpcratu~c, slab]c,  UV cllhallcc.mcj)t  capability. ‘1’!pical  i~ixcl siz.c is 18 p]))
and t Ilcy have produced 2 Mpixcl  image sensors with Iatc.ral al~t ibloomill~,  slt UCIUICS and lol!’ clark CUI 1 CIII, ‘J”hcy have a
gIo\vi[)g  acti~’ity ill scientific image scnsol  dcvclopmcnt,

SI’1’C.  (Ilc.avcl(on,  01{) is the folmcl  ‘1’cktlollix  ilna~illp,  dcviccs  gtoup. S1’1’c  spccioli?cs  ill frolllsidc aid backside tllillllcd,
lar~c fonm( scientific ~~l)s. ‘1’ypical pixel sim is 1 S-?4 pm, witl)  tl~c slnalicst  piscl size prcsclltl!  availab]c bcill~ 15 IL]n.
Altay sires as lal~c  as 2K x 2K have bccl) dcn~ol~s(ralcd.  IJacksidc  tllintlillp,,  passiva[io]l  and U\r cllha!lcclncnt  ale. also
])clfolmcd.



]i’mv  lt),v(nlltl[’tlt.f

‘1 ‘cxas lnslmtncnls  (1 Xrllas, ‘1X) produces K] )s (fabl-icatcct  by ‘1’1 lapin) for inchls(l  ial anti cmmmcr applications. ‘l’]
lwf’’lil~s  some cus[om CKl] work tml does not offcl a foundry capability. ‘J’ypical  ctcsip,l) mlcs arc 1.5 pnl lcaclin~j  to 9 }un
j)ixcl  si~.cs on 5 inc]l wafcls.  ‘l’] ctcvclopcd the lit iua] phase imag,c scmsor  llml  IIas ICC] [o llIC usc of pinned Kl)s and pinned
pllotodiodcs  for tlIC suppression of dark curlcn[ but does not presently prochcc scientific ~~J)s “1’1 has also dcvclopcd
sevc]al  active l~ixcl sensors including the floatinc  gate array (l;(iA) scmor that evolved to lhc bulk charge modulalcd dcvicc
(} K: MI)).

Westinghouse (llaltimorc,  MD) has developed KIX fol l~ol~ apJ~licaiions,  incluctins  imagine  ancl si~nal  proccssin~,  and
pioncclcd  IIIC usc of conclatcd  doutr]c  samplinp,  for K1’c noise supprcssioll. Wcsli@ousc has dcvclopcd  tin-oxide
Ilampatcld  @c clccbwtcs  for high quantum cflicicncy  in all visible wavclcn~,[hs  (c.~,. 70940 avp, in 400-800” m bancl).
Wcs[i@lousc  specializes ill ‘1’IJI imag,crs  (1 15? x 64) aid pcrforlus cus[om CXlj design and fablicalioll,  but does not offc.r
a foundry scr vice.

A’1’&”l’ IIcll  1,almlaloIics  (1 lo]mdcl,  NJ) is dcvc]oping  custol)~ ~MOS AI’S ilna~c sensors fo~ usc by inlcfllal  customers ill
low cost commercial apj)licalions.

1,incoln  1,abo]ato]y (1 ,cxington, MA), an Air I;orcc l;c.dc]ally  h’umtcd  R&l) ~c]ilci  (I;l;l{I)~)  aid par[ of tlic Massaclmscm
lnstitu(c  of “1’c.cllnology,  has made a significant im’cslmcnl  in Kl) tcclIIIoloF,y for various 1)01)  programs. 1,ilmln
1,atwatoly  makes large formal  (up to 1960 x 2560), small pixel (12 }t]n) Kl)s o]~ 4 inch wafcis.  3’lICY have also dcvclol)cd
scvclal  bactwidc tl]inning  and UV crlhallccmcnt  proecsscs.  1,illcoln  1,abora(ol-y  dots not gene.rally pc.rfor]n  C.C.l J foundry
scn’icc  and OIIIY  pc~forlns  w’o~li  for NASA throuF,ll  pop,rams  al M, I.”l’. 1,inco]ll  1,abol-alorics  has also pioliccrccl ultra-low
noise Klh 011 hif,h  rcsis[ivity  silicou fot- low energy x-ray dclcc[ion 18].

.lct }’]opulsiol)  1.abora[ory  (Pasadclla,  CA) is a NASA 1:11’}{1)(:  and is Inrl of the ~alifornia  lns[itu(c  of ‘1’cchliolop,y.  J1’1,  lMS
cicvclopcd sc.icntific  C.CYX ll~roup,l~  collaboration) WI1lI i]]cluslry, and IccclItly  IIas dcsi~ncd  a nunlbcr  of IIigh pcrfolllmltcc
sciciltific  CXX)s  fca[utilip,  10JV dark cur[cml,  low read noise and lart;c  format 19]. JP1, has sip,nificallt  cxpcr[isc  ill tlic  testing
and cllataclcriz-alien of scientific CK1)5. JP1. has also dcvclopcd  a backside UV cllhanccmcnt  process usin~ IOJV
tclllpcra[ulc  Illo]ccular  bcaln cpitaxy. Rcccntly,  Jl)l, has been cxl~lorillF, tllc  usc of ~MOS ac~ivc pixel ilnap,c sc.riso:s (APS)
fo) ]li~llly illtcgralccl  ilnagillg  SySICltiS [ 10].

‘1’IIc NcuI JcIscy lns[i[utc  of l’cclIIIology  has rx{ablishcd  a small ccII[cr spccializ.inc  in clcc[lonic  ima~il]~,. ‘1’IIC ccntcr
dilcctol,  l’lof.  W. Kosomcky, is NC]] knolvn for piollccrillp,  (TIJ dcvclopmcllt  al RCA 1,almjatorics, ‘J’l)c ccntcr performs
ctcsip,ll  and tcs[inp,  of CUSIOII] in]ag,c. SCIMOIS.

3.3 (:ANA1)IAN lMAGIt SENSOR AO’1\71’J’lItS

1).41!,Y4

I)AI .SA (WatcI 100, OIIhI  io ~ANAI>A) clcsigns  al~d fabricates (iJia fouldlics)  a j)ulnbcr  of ~(’1) ill~agc scnso]s  for
induslria],  dcfcllsc,  and scicn[ifrc  applications. l)AI ,SA has a slalldard  product  line but ui]l also pclforjn  CUSIOIII  designs.



I)A1 SA has pmduccd,  via foundry, om of tllc lar~cs[ Ul)s ever nlanufac(urcd  -- SK x SK I 1 1]. “1’ypical  pixel sizes alc
1 ? }LII\  fiib im[c.d cm 4 inch wafcls,

‘1’}{1  LJM[; (\~almouvcl, ~ANAI)A) is a IIigh cllcrp,y plqsics lcscarch laboratory ancl is parl of tlm Ul)ivcssity of }Iritish
C’oIumbia,  ‘l’RIUMt;  has dcvclopcd  linear GaAs (X1X for fast-in, S101V-OUI  data acquisition applica[iolls.

p.’l’:l’

I~liV - l;n~lisll  l;lcclric  Valve (Clclmsfold,  lisscx  }iNGl ,ANI)) has dcvclopcd  scvclal  scicn[ific  imaf,c sensors. A krcksidc
illuminated C(H> ~!;i[h ?2. S }m x 22.5 p]n pixc]s (t)l~cc phase), in a 780 x 11 S? for!na[, IIas been dcvclopcci fo~ all imagins
spcc[rolnc(cr  al~d operates up to 3 Mtlz,  readout rate. IIacksidc  thinnil~g  has been dcvclopcd boill for willdo~v-slylc  and full-
c]lip tl]inninp,  112].  10W has also dcvclopcd thick, IIip,ll ~csis[ivity  (X’l)S  for l{uiopcan  x-ray aslfonomy  Illissions.

1 ‘hilipv

l’llilips (l;,indl]ovci~,  NIi3’IllilU  ,ANIJS) is a vci~ically  il~tc~latcd  nmlmfacturcr  of consumer c]cctronics.  l>lli]ips  CICVC101)S
and mallufactulcs  WDS primarily fol thcil  intctnal  plociuc(s. Philips matics  scnsoM  fo~- ‘1’V and I ll)-I’V and uscs flon[sidc-
illull~i~latcd  frame. transfer dcviccs.  Pl~ilips  has maclc  numerous innovations in UYJ s[ruc[ulc  and dcsi~[l,  inclodi]]g all
acco!dion  flalnc tlansfcr  architcc[ulc,  and a l’-sllapcd  f]ontsidc  clcctrodc  IIMI allotvs good blue response tllro~l~ll opc]i
rcp,ions ill a f’ralnc tramfcr  dcvicc [ 13]. Philips IMs also rcccntly  c.splo~cd  very tllir~ po]y-silicoll p,atc clcviccs wi[ll  ]l~cta}
S(laps [14].

]Ilolllsotl

‘1’lIoIIIsoI~  (SI. l{~rcvc, ~cdcx PRAN~I{) is a large clcc[ronics  lnarmfacturc~,  especially for dcfcnsc  a]q)]ications,  ‘1’hon~son
manufactures bo[h  colulncrcial  and scicrltific  ililagc SCIMMs. ‘1’licy  lmc Fab]  icatcd a 2.K x ?K, 3-side tmttablc,  f[on[sictc-
illutnina(cd  illla~c  sensor with a pinnccl (X1) opcralion  mode (IJVO pol)r, four pllasc) using  15 pm x 1 S }UI) pixels, achicvirlg
lo~v l~oisc arid low dark curfcn( [ 1 S]. l’homoli  will pcr forl~~ cusiom  KIJ dcsi~r]  and fabrication.

lyl,3f’1  [Osicm, lid.

V1 ,S1 Vision (Scotland, UK) produces a loty COSI  CMOS phokx]iodc  array with on-chip ilttcp,latcd  tinliug,  and control
clcc(ronics  arid signal jmccssing,  l’hc pcrforlnal)cc  of lIIC scllsors  arc col~sis[cnt  lvitll  pllo[ocliodcs  and arc. 110(  prcscll[ly
suitah]c  for mosl scientific applications,

lrl p,crwral,  IIIC focus in Japan is oI~ vcriicalty  in[ccratc(i  marlufacturi]lg  of consume.t clcc[rollics  p~oducIs, A n~:i~or lcccr~t
pm])  has been Ihc dcvclopmcnt of tlIC 1/4” ima~c scj}sor for carnco?dcr  applications. ‘1’lLc small forlllat allol!s  slnall oplics
and calncia lllillialll~iz;itioll.  ‘J’I)c 250,000 pixc] ilna~,c SCMO] arclli[ccturc  has bccl) silnultallcousl~’  dcvclopcd  by several
companies. A SCCOIMI  thrust is the dcvclopltlcllt  of lIIY1’V  irnagc scrlsors for b~oa(icas[ can~cras [ 16] (collsulncr  111 )’1’V
carl~cordcls  arc not c.xpcc(cd  to bc nlarkc[ablc  until al lcasl  1998), 1 II YJ’V (X3)s have a format of 1920 x 1036, ]csul(ing  in
pixc] sizes of app~oxill~atc]y  7.3 pm x 7.6 p) for 1 irdl fo~lnat (app~mil]~alcly 5 }un for ?/3 incl~ forlnat)  arid typically I\\ro
IIolizolltal  readout channels, each opcraling al 37 h4pixcls/see, ~oll~parcd to US n~anufac(urcls,  Japallcsc  design rule arc
typically ]nuch slnallc~  (c.E. 0,6 W) and the wafer si~.c Iarg,cr (6 inch). This llanslatcs  illlo slwillcr  pixels, lar?,cr”  forlll:lls,
and ]OM’CI  ]ll:ll]llr:ict(l~illg COS(S.  ‘1’ypical ‘1’V-foIlna( Kl)s, includii)p,  C.O1OI frllcls  al~d ]nic]olcnscs,  cost approximately 1(K)O
YcIi to n~anufaclurc,  or about  US $10 cacll, Sony arid Matsushita, the lar~cst  ~’olu]]lc  producers, alc also collsi(ic.rcd  lIIC
Ilmnufactur  crs of tlic l)ighcs{  Pcrfol  lllancc K1 )s, ‘1’lmc is no K]) founclry  scriicc aiwilablc  it] Ja}MII  atld or~ly  a fclv
companies irvdicatc  arl irltcrcst  in scicnlifrc  (’(3) lccl)llolo~,y,
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Gum (1 lila!suka-s]li,  JAPAN) makes camctas,  fax machine.s, copying machines, etc. ~am-rn  has dcvclopcd  a bipo]ar-based
aclivc pixel smsor tcchnolo~y  known as BASIS for base-skwcd imap,c scusor [ 17]. l’his bipolar device is readily compat  iblc
}vill)  bi-~MOS illtcglatcd  circuit nlamlfaciuring,  for tllc incorporation of cm-chip tinliup,,  conttol  and signal  ploccssin~
cifcuils  and sinw no photogatc  is required, has p,ood blue rcspcmsc and m’crall good quantuln cfl; cicncy. “J’hc I{ASIS  dcvicc.
has bccII cll~ploycd  ill area aud linear sensors for numerous applications such as auto-focus. canon has dclllons[ratcd  a
1.3 Mpixct  image scmjor usill~  the IJASIS dcvicc, but do not feel the dcvicc will bc compc[i[ivc  to (KIM for cillmr scic.l~tific
OJ 11 I Y1’V type of applications since it is subjc.ct  to random reset noise.

jlot)loml!.vli

1 lamalnatw (1 lanla[natsu  city, JAPAN) produces scimtific  op[oclcctronic  dcviccs. }Iamamatsu  rcccn(ly  rclmr[cd tl~c
im’cs[igatioll  of backside illuminated (Xlls  optilnintion  using  several approaches including deposition of Sic, lull~ogcn
and ilnplanlalion  [18]. IIamamatsu has also bow im’cs[i~,a[illg  limar CMOS AI’S arlays  119].

llitoc})i

1 litachi  (Kokubul~i,  JAPAN) makes inlcrlillc  Nl) illla~c scmois  ancl until rcowtly ~vas ill a catch-up ]Jmdc to its
colnpctito!s,  1 lowcvcr, 1 litachi  is developing s[atc-of-tllc-arf  scmors and rc.ccntly itllmduccd a nCNI intcr]illc  WI}  rcattout
scllclnc  called pumhthrough  readout that improves optical fill faclol and rcduccs smear [20].  “1’l}c  2/3” ll[YI’V forllmt
sensor has S pm x 5,2 pm pixc]s in a 1920  x 1035 anay si~.c ald uscs a pil~ncd  pho[odiodc  for good op(ic:il  rcspollsc,

A4dLwls}Iilo

Matsushita Electronics Corporation (Kyoto,  JAPAN) pmduccs consumer clcdronics  under the National a!lcl Panasonic
Iabc]s,  and OI)CC co-owned by Philips and Matsushita lllcctrol~ics  lndustrics, 1( i s  no lonp,ct  co-o~vncd  by I’llilips.
Matsushita pioncclcd  the microlcm  tcchmlogy  [21]. Matsushita is second only to Sony in CXJJ plod uclion volume.
Matsus]lita  has dcvclopcd  a 1” l;l”l’  1300 x 1000 clcmcni  1 lIY1’V ~CX} ima~c sensor.

A iit.vtihisl]i

Mitsubishi (Itami,  ] lyogo IA?’AN)  has focused on dcvclopillF, wry lar~,c forinat  (1 K x 1 K) illfral  cd cllalgc  sivccp  dcviccs
(GilM)  using IIIC PISi SclmIIky  barrier structure. I’hc (:S1) is a cha[gc ttausfcr  dcvicc  that is silnilal  to a c(l) but is
CIOCkCCl difl”cl  cnt ly to “SIVCCp” charge down thc vet-[ical rc,gislcr  into tlIc horizontal ~c~,is(cr. Mitsubishi is not presently
invcs[ipatins  visible (:SIM, though for a shoII pwiod, tllcy imrcs[i~,a[cd 1 II YI’V sensors.

Nl;~ - Nippon lilcctric  corporation  (Saganlihara,  Kana~awa  JA1’AN) lm made scvclal  impm[an[ inllo~yitions  it) CYJ1)
tcclll)ology.  ‘1’l\csc  include the first  JllY1’V  (Xl),  the im’cll[ioll  of (IIC vcrlical  overflow drain (si)~~lllt:i[~co~lsly  ~vitll  “1’oslliba),
the ctcvclopmc.nt of the microlcns  in 1983, and the pimcd photodiodc  s[luchwc  for interline (Xl) alchitcclum. NJ{~
nlakcs a tvidc val-icty  of advallccd  CXl)s fo[ “1’V {??] ald llIY1’V ~?3] al@ications. NIt~ is also dcvc]opinp,  sc~c~al
scicltiific  (:[:1) image scmors including linear allays fol cal[ll  remote. scnsinf,j  star trackcl  SCI]SOIS,  and a UV sensor
clnploying  a dotvll  comcr(ing  phosphor. NliC dots not Pcrforin a foundry scn’icc  M ]vould  ccmsidc] tl)c. dcsip,]~  and
fablicalion  of cus[oln sensors for scientific applications,

NJ IK (ScIa$aya-ku,  “1’okyo  JAPAN) is a SOII of Ilational  tclcvisioll  tcchl)olocy  lcscalcli  labmatory  ill Japail.  Nt lK pcrrorms
boll) in-house I<&l) and supports  indusiry  Ih[ougll  contrac[s, NIIK sponsols  IL%]] o]) both solid-sla[c  inlag,c scl)sors as \vcll
as c.olltii~ucd dcvclopmcllt  of lube tCCllllOIOp,j’. “1’}Ic  supcI-1  lAR1) tube, for example IIas cx[rcll~cly  hi~,ll  sensitivity  and
CSCCI  Icn[ tlluc/l  JV ICS}MNISG  duc (o its  avalanche Sc detector SI] uct urc, N}IK IIas dc~rclopcd. ~ti[ll in(ius[r~r, the alnplif’icd
MOS illlap,c (Ah41) scnso]  APS [24]. ‘l’l[is  dcIricc. is cssclltially  a ld}otodiodc  wilh a unit ccl] SOUICC  folloltc~, ald is
illllc~cj~lly C’MOS compa[iblc.  lkccllcI~I itnap,illg  ICSUIIS IIavc been rc}~oi[c.d  wi(li  small pixel clcviccs (-}.’2 pm x 5,6 pIII)
atd lat~)c fOIIIM[S  (250 kpixcl).



OlyJIIIms  (’1’atsul)o,  Nagano  JA1’AN) malws scientific ins[tun~cnts  SUCI1 as CIKIOSCOPCS, micr’oscopcs  anti cameras. C)lympus
Scmiconctuctor  ‘1’cclinolof,y  Gxtcr  l~as cicwlopcd  several active pixel iwr~c scmors including the slatic  iltduciioll  transistor
(S1’1’) image scmor,  lIIC AMI sensor, and most JcccMly (IIC charge modulation dcvicc (~MI)) inla~,c sensor [25]. ‘J’hc  ~Ml)
ilnap,c  scnsot  has been dcmons[ra(cd  in an 2/3” 2 Mpixcl  }11)’1’V format with 5 pm pixels, a[ld dissipates 1 ox lCSS power
lllan  i[s ~C:lJ  countctjxrrls. I;or video applicaliom,  the ~MI) has hi~,hc.r  iixcrl  pattcrll  noise lIMI)  CX:IJS that lilni(cd i[s
Illatkctabili(y.  l;or scicn[ific  applications, the (MI) OITCIs non-dcslluciivc  readout capability as well as the potcNt ial for
landom access,

Slmtp

SIMIp has an aggycssivc  (X:l)  p~o~ram but IIIC dc[ails  of the activity have noI been ascertained al tllc tinlc of ~v~itin~,

SoIIy (Atsugi,  JA1)AN) is JVCII-JCI)OWII  for its consullm clcckonics ptoducki. ‘1’llcir  major  cmpllasis  is on rclnaillinp,  Ihc
Imll)bc]  onc supp]icl-  of CX3)s in tl)c ~vorld,  Sony cu[rcntly  prodllccs  apploxima[cly  5,000,000 MIJs pcr year and has made
27 nlillion  K])s to (tatc. ‘J’hc focus  in CXW R&I) is lli~llct  scnsi[ivi[y,  IIigllcr  rcsolutioll,  and smaller ilt~agc. sc~lsor siz.c,
SUCII as [lIC 1/4” “1’V-format c~I).  Sony dots not make any scientific (Xl) proclilc[s.  l~pical  (~~l)s usc a Irip]c poly,  lhrcc
phase in[crlinc transfer Nl) aicl)itcc(urc  with pinl]cd photodiodcs. l~or cxalnplc.  a 3S0 kpixcl l/2-inch fo[ tlmt plogycssive
scan ilnagc  sci~sol  was dcmons[ra(cd  with 8.4 pm x 9.8 }UU pixels (26].

‘1’oshiba  (Kawasaki, Japan) make.s numcrom clcctro]tics pI oduck I’oshiba  has bccI) imcs[i@ i n~ the usc of aluorpl~ous
silicol~ ovcJlaycls  above a (Xl) for 100°/0 fill fac[or and blue response implovclncmt  [27]. ‘J’IIc ll~ajol  difficulty }vith the
app:oacl]  is tllc lap, and reset noise (c. g, 100 c-) assrxiatcd  with tlic s{luctul  c, tl~ougl}  rcccnt  improvement in both l~as bccll
rcporlcd.  Wllilc  pixc] siz,cs of apj)roximatcly  12. Jun have been dcmollstratccl,  tllc  target pixc] size is 5 }LIII  for 1/4” optical
folllults.

,Si[;  llifi cant advancement is tcclmological  capability in CT])s is occorlill~,  in both ‘1’ai~val~ atld Korea, Gmcordcr
]l]al~tlfi\ctllrcl  sil~tl~csc  co~l)~tiics  do1~ot~val~t torclyoll iii~j)or[s  oflligll  l~crforlliallcc  ~(;l) ima~c  scnsorsfroll]  Japan, since
tllclii~llcst  pclfoIlnallcc  scmomarc  not ll~aclc a~':iila[)lc tocoll~lwtillg  cafilcor(lcr 1l~aI~~lf:icl(lrcrs.  At tllctill~cof~viitillg,tllc
o]]ly  specific i!~forlnation  obtained in the cmrsc of this study was froln (iolds[ar.

<iolds(m”

(ioldst:ir  (Sco~ll, KOI{l~A) isa~cr[icallyi  l~lcgl:ilccll  ll~ir)[lfact[llcro  fcc)l~s[ll)~cl  clcct~onics, Gol[ls[ar llas:icrasll  I~IoF,l;it~~il~
IIIC dcvclopmcnt  of camordcl CWl)s and  lillcai  ~(’t)s fo r  f ax  lt]achincs and O(lICI  scanl~ins  applica[iol~s, ‘Illc
a(ivanccmcnt  is Iapid,  bul not ycl at the lCVCI of Japanese colnpcli~ors. Monocllrolnc  invisc scllsors  for monochrome
call]cordcrs:itlclot}lc~  al)j~licatiolls  lla~’ckclI  clc\rclol~(l,  witllcolol  sc]]sors  allticipatcd  ill tllc ])car fu[u[c, “1’llcctnp]lasisis
on consulncr  ‘1’V products and Ihctc is no activity  ill scientific smsors at this time,

3.7 SUMMARY

ScvcIal US lnanufactuicrs  Ilavc dcvc]opcci  a niclic  II~arkcI ill tlic illlI)lctllc)lt:ltioll  of scicn[ific  illm~c SCIISOIS.  W]lilc tlic
tcchl]ical  advantage in (:~1)  mauufactuliup,  resides in Japan, tllc focus ill Jalxitl  011 comunlcr  clc.ctlonics  has plccludccl
J:\l~:]l~csc  dc~'clo}~lI~cl~ toflargc  arcaorl)acksidc-illlltl~  i!~atcd (:~I)st~(lct[ltcs.  II ispossiblclhat lllis~~rill  c}lail~c illtllcllcxl
fcwycars, sitlccflc}clolJ1  I~cl~to  fsj~acclmrjlcs  cicl~{ifici Il~:i[;cs  cl~sorsi src~,ar(lcdas;  i llol~-~~rofit:ll)lct)llt  p~cs[ip,ious  activity.
Ullfort(ll~;itcly  fortllc sciclltific  co]l~ll~lll~ity,  tllosccoll~l):ll~  icsarollji(l  lllcglo[)c.  [hat lia~’cdc~’c]opcd arla~;~lcssi~’c  tcclillic:~l
base in intcg[atcd citcuit  nlallufacturii~g  arc lnoti\a[cd  by higl] \vlumc commclcitil  markets, and arc not pu~suill~  scicll(ific



applications of the tccllnology, while those manufacmcts  pursuinp,  lov’ volunlc  scicn!iflc  markets arc unable  to n~akc llIC
lalgc capilal  ilwcsllllcnt  demanded of an ap,p,icssivc Ic.cllnical progralll.

AtalJlc  stllllll}ariz.il  ~~tllcalJ}~roxil~  ~alcs(alc  oflllcarl  iI~\fariotls  coll~j)allics  issllo\vt~  txlo\\ri1~l'alJlc  1, l[sllouldbcnolcd
tlmt [l~cl\llll~t~crs cllosct~for  tllistablc~  tcrcsclcc[cd  sllt)icc[i~’cly  ai~(l”rcl>rc.sci~t  a combination oftmlytyp ical nuiubcrsancl
some lli~h cnd numbers. Also, smc mmbcrs rcflcc(  }<&I) values whereas o[hcrs rcprcscnl  prochclion Values. ‘1’his table
should bc viewed to obtain a general pic[urc of capabilities acloss ihc board and not tlw capabi]itics  of specific
lluinufacturcls  pcr sc,
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Scientific inlag,c  sensors alc used in a nulnbcr  of applications, ‘1’llcsc  include laboratory spccttoscopy  allcl  imap,ingj for
chclnical,  biolop,ical, medical and cllgil~cc~ing  analysis. ~ompalcd  to commercial scwmrs that Ijpically  desire
lcsponsiwncss  similar [o that of the IN]IIE]I)  eye, scicn(ific imap,c scmors tclld to require response anyJttlcic  and/or
cwrywhctc floln 1 ~ to 1 }LIn I;O1 spaec applications, (Tl)s arc Nscd in boll) p,round-based as[rol~omy aud ill spaccboll~c



il~strtlll~cllt:ttioll,  Grouad based as[[oncmy  rcqui~clncn~s  arc sill~ilal  10 spaceborne ast[ommy  rcquircmcm,  and glouncl-
bascd as[[onomy  is generally suppor[cd by the National Scicncc  Foundation, tlloup,h  some. p,round-based astronomy is
suppot[cd  by NASA such as lIIC l’O1)S proglaln. ‘1 ‘Ilis shldjr focuwd 011 the nc.ccis of spaccbomc  rcmolc scmiag  tlioug]l
many COtIItNOIt  rcquircmcats exist among, all scicll(ific  applications.

Spaccbcnnc remote scllsing inchldcs  caI(l\ obscwin~ illsll  umcnls,  astrophysics imstrtlmcn(s,  and planetary ias[rulllca[s,
Syrccc[aft  systcm also require remote scming  imgc scmors fol- ~uiclamc  and navi[;ation (star [rackci-s) and for future
oplical  Co;l)llll)llicatiol]s  systems.

4.1 GENIIRA1,  RKQUIRNMEN’1’S

Spaccbor]m illla~,c scnso]  syslcms  share nlany commm} rcquircalcllts, Since Ihc typica] objccti~’c of ihc missiou  is to
pcrfomi lhc best possible nlcasmcmcnl  of a plm[on flmx latc,  rcquilcmcals  iacludc hi~,li quantum cfflcicncy, slablc  and
calibratab]c  ct mraclcris(ics,  cxccllcat  readout signal fidcl ity, low crosstalk, IOU’ readout noise., low dark CUJ lent, and high
optical apclturc  01 fill -l%ctor.  III addition, ihcIc  is an illctcasiag  desire to miuiatmi~. c rcmoic  scnsinc systems to rcducc
launch  mass and conscqucnlly  mission cost, ‘Illus,  tvllilc  tlm op[ical sys~cm is cxpccled to bcco]nc the limiting  fac[or for
l~~iltiattlri~.:ltioll  cvca through tl)c usc of Iip,httvcigb[  optics, bilmly  optics and otbcr tcchniqucs,  there is an ilnpctus  to wducc
the SC]ISOI  systcm electronics mass. A major  SOUICC  of mass is Ilvc poJJ’cr supp]ics including solar  pallcls, bat[crics,
n)a~nc(ics  and power conditioning, circui[s.  ‘1’hc scnso]  clcclronics  S)rslcn)  includes the J)olJrcr  supplies, digi[al  timing allct
COM1O1  clcc[ronics,  dlivc clcctlonics  to supply tl)c clock si~lmls  to tllc (XI), signal chain clcc[rollics  to conditioa  the. analoc
oullmt  sip,nal using fIIIc~ing and col~clatcd cloublc  salllplill~,  analo~-lo-digila]  cmlvcrlcr  circuits, and spaccctaf~  intcrfacc
clcchonics.  Miniaturization and simplification of lhcsc clcchonics  has high lcvcragc  for rcducinf, mission mass, volume
and powc]. Sensor dcvclopmcal  programs to da[c llaI’c col)ccnttatcd  011 ill~~~loJfcl~~c.l~t  of dc.tcclol array pcrfomancc,  and
have latgcly igt~orcd  the iml)act  of the scllsor on tlic total sys(crn pc.r [ormancc, Future dcJ’clopmcnt  cfforls nlus[ begin to
p]acc greater emphasis oll total systcm optimization,

4.2 ICAR’J’11 OBSERVING lNS1’RUM F,N’1’S

liar(l) observing itls[rttmca(s  tend to bc sjwc[roltlctcr-l~:lsccl  systcn]s  ratlm tl~an comct~tiollal  ituagiag  sys[cms,  l)ushbroom
SJ)SICJI)S  typically require ]incar  or 1’1)1 ill~a$,c  scasols  ~vitl~ nartolv  pixel pitcl),  low crosslalk  atd high Jcadoul  speed.
l]llagin~ spcc[romctcls  Icquirc  21} image scnsoN  }viih  lligl~ rcadoul  ra(cs.  Si]~cc  spcc(rotllctcrs  disperse optical illulllitla[ioll
from a siti@c  spatial point acloss  many pixels, ot filter out all bul a narjow wavelength band, photonic  sigaals  tcmd to bc
~vcak atld  easily ovcrwhclmcd  by readout noise -- especially at hip)) rcadou[ rates. }k[cttdcd  wavc]ctygh  pcrfortuancc  it~ a
mollolitbic  SCIMOI- is also desired. Mosi spcc[roscopic  systclns Icqttirc  pllo[onic sigt~al acquisiliou  flonl the blue {hiou~ll  to
lhc inf~alcd,

4.3 PI ,ANJL’1’AI{Y INS’1’RUM ttN’I’S

l)lanclal-y  instttlmcnks  include cxplora!ory  missions  such as Voyager, Cialilco aild ~assilii,  lander n~issions  SUCII as MILSU}L,
aud near-car(ll rendezvous missiot]s  for as[cloid  or con)ct  s[udics.  l’hcsc ins[t-umct]ts  oftcli  carly comcntioaal  ill~aging
systcnls,  and n~orc rcccnlly  arc also carrying spcclrolnctt}  systcll)s  as JVCII. Medium-simd formats (c.E, IK x 1 K) aTc
u[i]izcd  as a comp~olt]isc  bdwcca imaging scicncc  and ctolvnlink  data rates. }li~h  dynamic  range is oflcll  dcsilcd,  but
dynattlic rallgc (nunlbcr  of cacodcd  bits) is oftcr~ limited by data capacity. lilcrcascd  usc of ill~a~c comp~cssiol]  ~vill likely
Icacl  to a ctcsirc fol larger formats ~vitl~ clcctlol~ic  wit~dolvin~,  Raclia[iol) IIaldtlcss  is Icquircd  for long dtlratioa  missions,
and cspccial!y  for n~issions  (O the gas giants Jttpitcr  at~d Saturn. 1,OJV dark currctlt  ?cdaccs scllsor  cool itl~,  tcquircluclits,
lHccttonic  slitlt(ct  inp, can l e a d  to rcdtlccd IMSS and il~clcascci rcliabi]i[y  by clitnilmting  shu((cr  tl~cchatlistl]s,  l;OI sonic
applications, such as a Mars lanclcr, on-chip color f]ltcts  ca]~ bc used to clitninatc  a filter lvl]ccl  -- another mccliat~ical
asscmb]y.  Spcctronlc[ry  syslc)ns  llavc lcqttircJt~ctlts  sill]ilal  to that of tl~osc  in cat[h obsct  J’iltg  instlu]ncltts.  F]y-bys  tclld  to
rcqttitc  rcla[ivcly  lapid readout ra[cs to m’oid  lnotiolt-itduccd  iaiap,c blutlitif,  pcrllaps  ]~itb some sori of ill[crlit~c or ftalnc
ttatlsfcr.  Sutfacc cxp]o~atioll  also rcquifcs  canlclas  felt Iatldcts  and rovcis, 1 lighly millia[urizcd  sys[crns  arc desired for
Illcsc app] ica lions,



4.4 ASTROJ>IIYSI(Y$ INS’I’J<UMKN’1’S

AS(I ophysics  instrumc!~ts,  such as tlE Wiclc-field/l’lallctat~’ Camct  a 011 tl)c } lubblc Space “1’clcscopc,  tcnci  to dcmalld II]C
Iligtmt  dynalnic  range with the 10WCS1 possible (sub-clcc[mn)  mad noise. 1,algc fol-llm[s (e.g. 16 Mpixcls)  and cx[rc]ncly
lar’~c  formals (e.g. 100 MJ)iXC]S)  with small pixels (c.g,, S-10 Iun) arc ctcsitcd.  Astrophysics application also includes
spcciroscopic  itls[mmcnts.  Onc major  diflcrcntia[ion  bctwcco  spaccbw IIC tc.lcsc.opts and ground-based tclcscoJrcs  is the
oJJacity of lhc almosphcrc  in the ultrwio]c[. “Ilm, ultraviolc[  response ill spaccbm nc tclcscopcs  is of p,rcat inlcrcs[ and
iIllJ)lovitI~  tlic  UV rcspcmsc of CXX)s  has been an alca of intense aclivity. IIacksidc  illumina(cd  CCI)S,  offering high UV
scnsit ivity,  10OOA fill-factor, and higl)  intrapixcl  unifor]nity  arc plcfcrl  cd o}’cr fronlsirlc illominatcd  dcviccs,
lulc~-fcronlctcts  and other ins[rumcnts  also ]equitc  mch ically J)rccisc  focal -J]lallc arlays Ji’ith well undcrs[oocl  inlrapixcl
lCSJ~llSC.

4.s S1>A(3XY{AF’J$ I’WIINO1  ,0(;S

Spacccrafi  systcIIN require image sensor lcchno]ogy  aJ)J)roachin~ scientific Jwformancc  for both guidance and navip,a(ion
and for optical collll~llll~icaliol~s. Future intcp,la(cd  spacccraf[  sys[cIIIs  may u[ili~,c the satllc  scNsot fol guidance al~d
navigation, ol)lical  collll]~~lllica[iol~s  and scicncc  ilt]aginp,.

Slar tlackcls :lCqUirC  star J>at[Crl}S  10 dclcrminc  spacccraf{  a([i(udc,  and to help Jmint  Spaccbornc.  tckXoJw sysicms.  I’hc slar
ttackcl  ]t)us[  bc able (o acquire both  briglll  and faint stars ill the same field of vic~~ and so Inust have a large dyltamic  rallgc.
Sillcc  ccnttoidil~~  ofa Gaussian J)hoton  spatial dis(ribu[ion is llccdcd  for sub-J~ixcl rcsolutiol~,  slar trackc~s  also lcquirc \vcll-
undcrskmd  inl~a-J>ixcl response as WCII as lo~v cross[alk.  Star tlackc.r  al ray si~.cs rival  tllosc  of sciclltifrc  SCIISOIS since for
fillc  guidance, tllc  field of view mus(  bc quite Iargc to C]MUIC tl~c pIcscncc of al] adequate numbm  of s[ats, I.ikc the
scientific scllsor  systcm, star tracker subsys{cnls  l)ccd to bc milliaturi~cd  to ~cduce sJJacccraft mass, VOIUIHC and J)OJVCI.
Unlike the scicncc  sensor, windowed readout may bc u[ili~.cd to Icduce  tllc  to[al data Irolumc fi-on] tllc s[ar tracker, since
usually only a fcw stars need to bc tracked following tllc illilial  acquisition of IIIC slar J~atlcrn.  Non-dcsltuc[il’c  readout lvith
sclcc(iw reset to allow variable intcgra(ion  times for cacll SKII would hc]p i tl~provc  ovcl-al[  sys(cm Jmforlnal]cc.

Iruturc oJ~tical  col}]l)~lll~icatiol~s  systems promise higher bandwid[h  communication bc[~~rccn  Iiar(h and remote sensing
spacecraft, 1,ikc a star tracker, the oJJtical coj)~llltitlic:ltiolls  sensor nius[  lock on 10 a bcacoll sip,nal {Ila[ aJ~Jkars  as a poil~t
SOUICC.  Modulation of the beacon sigoal may bc used to tramnil information from Itar(h to the sJ~acccrafi. }ligh accuracy
J~oin[iIlg  Of tl)c sJ~acccraft  tramsmit[cr  is also required to allolv  optimized signal rctul  n ftoln the spnccc]afl. Unlike scicllcc
sensors, op[icat colllll~lll~icatiolls  sensors rcquilc  slloltcr  in(cg[a(ion  Jwriods  an(i F~sIcI rcaclcmt  ra(cs. Array sizes arc Iittcly
10 bc smaller than scientific sensor rcquircmcn~s.

lIIdmlI-y is pushil~~ il~la~c SCINOI technology ill a nUmbCI-  of \vays  that tvill bclicfit  scicnlifrc  remote scllsin:,.  ‘1’hclc iycIc
f ive n~:]jor pusllcs  idclltificd, ‘J’hcsc  a r c  “1’V-fo~lnat  camcordct  (X:J)S,  bloadcast camcta llIYJ’V {Kl)s, clcctrol)ic
J)lIotogiaplIy,  low COS[ CMOS ima~c sensors, and scicn(ific  (TI)s,

II) IIIC comn~c~cia]  \vorld,  CCI)S arc being produced in YCIy high VOIUII)CS at Io\v cost in vertically inlcgra[cd  nla]iufacturcrs
o f  coIIsumcI  clcclronics,  csJ)ccially  camco~-dcrs, Solllc  of tl}csc companies also sell tllcir CCI)S to otlicr COIISUIIICI-
clcclronics  manufac[urc[s as \vcll. ‘1’lIc  crllpl)asis  is on Icclucing  scllsc)r  cosl (allllougl]  that is allcad~  quilt 101!),  inctcasills
lc.sponsivi(y  tl]loug)i  tlw usc of miclolcnscs,  pinnc{i photodiodcs,  tlallsJxlrcnt  clcc[rodcs  ard SIIM1l  CI in[cllitlc  (T]) challnc[s
(camcotcicrs  arc notoriously Jmor under tyJ)ical llomc iltdoor lighlinc  colldiiiolls),  ard lcducir}~ image SCIISOI  sim [o rcciucc
camcoldcr  OJXiCs  si~.c tvithoul  colnpromising optical pclforllvrncc, ‘l”llcsc atc Ihc focal points hxausc this is \vl\al  tlIc
nml~uF~ctulcls  bclicvc  \\ill  lead to Ml]  incrcascd  sales VOIUIIIC atld illctcascd  lnarkc[ slmrc.  Nearly rrll tliis  activity  is takill~
Jdacc in Asia, w’itll  a slrong Jwsh in Korea and ‘1’ait~arl  to caIclI up to Japan. ‘1’lIc oIIly si~,llificani  US aciivity for COMUHICI
Clcclrollics  is al ~’cxas  ]nslr-umcnts  whose ~(Y) ~nanufac[urillg,  takes J~lacc at ‘1’1 Japal}. P]\iliJ~s  is }vo~killg  ]Iard to rclaill  its
cd~,c ill l;UIOJ)C in com]mcI clcc(ronics.
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III (I)c COUISC  of tl~c study, it was found tlMt NO n~ajor nurnufac(urcr  of area sc.nsor  Kl]s in tl~c )vorld  had activity in Ihc
(Jw.AopNcm  of highly  intcgrawt  sensors incluctinc  on-cl~ip AIX, OIic Jvcll-rcspccicd  mallufac(urcr sta(cd that t h e y
tllou~llt that by 110[  intcjjyating on-chip AI)~ they IIc]pcd cnab]c  tllcir  O1;M cuslomcrs  to difTcrcntiatc  Ihcir Jmducts  tlIouglL
the USC. of adci-ol~ IG for valious  signal ploccssing  functimm.  in gcwwal  thou~h, they all felt that on-chip AIX would bc
dcvclopcd,  but for now the focus was on imap,c sensor pc.rformncc  as dcscribcd  abcwc.

A lclatcd tccllnolo~y  is the concurfcnt  dcvcloplncnt  of both  clcc[romccl]anical  and electronic imacc s[abili~,ation  systems for
hancl hckl camco~clcls,  Such Icclmology  may find usc ill the slabilimtion  ofscicn[ilic  imar,c  sensors on moving, plalforms.

A second major push is the dcvclopmcn(  of IIIYJ’V (X3) image sensors. “1’llcsc  sensors require much higher performance
thal~ tllcir ‘1’V counlcrpark.  At 2 Mpixcls,  II IY1’V sensors rival the typical siz.c of scientific imasc  SCNSOIS, YCI have rcadou[
rates that arc typically 1000 times fas[cr with only a fac[or of pclhaps 5 incrcasc  in noise. 1[ is quite likely that slow scan
operation of the 1 IIYJ’V sc.nsors would yield VCI-S  high Pclformancc,  but this cxpcfilwnt  has yet to bc cal~icd out.

A tllifd  push is in clcc(ronic  photography. MOSI major Jilndcamcra ]nanufacturcrs (e.g. Kodak, Polaroic],  Olympus, canon,
Rico]l,  ctc,) lmvc some activi(y  in tlic  area of solid state illlagc  scllsols.  lilccllonic  photography is the closcs[  Conuncrcial
applicatio]i  to scientific image scnsors,  since large format, IIig,ll  Pcrfollnalwc, IOJV  dark cur~cnt  and othct cllarac[cris{ics  arc
required, l;ur[hcmo~c,  in the case of hand+clcl  pol [able camc~ as, highly intcp,ratcd  electronics aml packaging, low power
dissipation and on-board da[a comprcssiol~  arc desired. III the US, Kodak has made a major  invcstmcllt  in this  area using
(TI) [ccl] nology  and CMOS ASIG for color signal ploccssillg  and clcad J)i.xcl cor~cclioll,  and l’olaroid has nlainlairlcd a
slrol12 R&l) base. };lccllonic  motion piclurc photo~raplly,  a ~oal IIlolc  cllallcncing  than llIY1’V, is a possib]c futufc g,ronlh
area. (IOSCI coup]inp,  bc[lvccn  scientific applications and clcclroi~ic  pl)otog]  aphy technology clcvclopmcnt  is warranted,

A four[h and rapiclly developing lccl]nology INISI) is ill tllc  alca of low cost CX40S commmcial  sensors for consumer
applications. cMOS is attractive for tlvo major rcasom. F’irst,  CMOS is inl)crclltly compatib]c  wilh on-chip CMOS tilnilig,
COMIO1, drive and signal processing circuits allowin~ fol the ill~l>lcll~cl~[atioll  of highly intcgra(cd imaging sys[cms,  Second,
lIIC COS[  of a CMOS image sensor with on-cl~ip electronics is niucll Icss tlian a (Xl] iluagc semo]  without on-clliJ>
clcc[[onics. I;OI- low volume production (e.g. using, a CXII) foumiljr),  the COSI ofa 6 inch ~MOS wafer is comparable to tlic
cost of a 4 inch CC]) wafer, and tllc 6 i[lcll  \vafci lms three titllcs (I]c availab]c  dcvicc area. For cxamj)lc,  the cost of
p[oducing a lot of 20 CMOS wafers 0.8 pm design rule) is approsimatcly $15K, VI ,S1 Vision  1.td, in Scotland is marketing
an i]icxpcnsivc  CMOS ima~c sensor with on-chip timily,  anti control electronics (tl)ougl~  of somewhat low image quality
according to several persons familiar with lhc camera. ) JP1. has dcvc]opcd a CMOS ac(ivc pixel image sensor with higli
Pcrfonllancc  (presently 40 c- read noise, quantum cfhcicjlcy  comparable to II ,-CCXM) that has randoln access capability and
is 1“1’1, conlpatit>lc,  N}lK has been developing tl]c AM I sensor tl]a(  is csscn(ial]y  a photodiodc  and source-follolvcr pcr pixel
for several ycaIs Ivith hig,li signal-to-l~oisc  ratio (but higlmr  noise tlmn tllc 11’1,  Sensor-). A’1’&.”1’  is clcvclopinF, CMOS image
sensors for video phone applications. Additional appl i cat ions tliat arc prcsc.ntly  undcl  iiwcst  i~atirm  “include home
survcillancc,  computcl  inpu[  dcviccs, automotive imag,crs,  altd n~acl)illc  vision  for par(s impcc(ion. ‘1’l)csc  sensors, ullilc
IIot prcscnlly  having tllc performance of WIX in cithc~ pixel size or absolulc  noise, arc not fundamc]l[al]y  limited from
achic.vinp,  Iligllci  performance and alc cstablishi  ng a Inalkct  niche that will allow tllcir  co]ilinucd dcvclopmcnt,
Fur[llcrjllorc,  since CMOS is a widc]y accessible tcchnolop,y, especially coml)arcd  to ~C1)s, it is anticipated that additional
Iapid dcvclopn~cnt  in CMOS image sensors ivill  OCCUI in tllc ncs( fcwr years,

“1’hc  flflh tccl)nolog,s  push is in t)lc area of scientific image sclKoIs for scict)(ific  allcl clinic:i]  applications. q’here is
subsla]llial  in[crcs( and im)cs([ncnt  from the. scic.ll[ific  col}]l}~ul~ity  to suppor[  small companies to clcvclop  scientific  il]~agc
scllsols  (c. ~, S1’1’c  at]d Rclicon). “1’hc usc of sciclllific  sensor tccllllolo~,y  fo[ biolllcctical  applications (c. F,, digital x-lay
lllallllllo~l:il)lly)  is also cxpal~dil~g. 1.abolatoly  scicn(iflc  sc]~so]s ~Jill conlilluc  to dc}rclop  ~vithout  illvcs[lllcllt  frcnn NASA
and the acti}’ity  shoulcl bc considered a syl~c~gis[ic  tccl)no]ogy  push floll~ industry.

6. 1’0SS1111 >E ‘J’IIX:II  NO] X)GY lN\7kX-i’l’Mf.N’l’  S’J’l{A’J’IK;Y  Volt NASA

NASA has )Iad a philosopl)ical  clla]lgc  ill its tccllnolog~’  imJcs[nlcnl  s[talc~y  in the JxIst  fci~ years. Scvcta] years ago,
NASA plcfcl  IC.d to ilmcst  in tcchno]ogics  that ~Jctc not t)cill~ COI]CUI  ICIIIly dctc]opcd by illdus[iy for cithcl  coll~mc[cial 01



1 JO]) needs, UI)ICSS a strong  potential was idcn(iticd  for lcvciagillg  tllc  im~cstmcn(  to develop NASA-specific spin -ofis.
lns(cad,  NASA plcfcrrcd to iavcsl  ia tl~osc  tccllnologics  that were so NASA-specific and lnission-critical  that illdus(ry
would not develop the tccht)ology  without dircc! NASA iatcr~’cn(ion and invcs(mcn(.  la the PM few years, there has been a
nmjor  paradi~,l)l  shift to~vards  dcvclopiag  dual-use Iccl)nolog!f  that Ivould mcci ccr[aill  NASA needs ycl also would have a
clear app]icat  ion in the commercial markctplacc,  cithm for civil iaa usc (prcfc.rfcd)  or dcfcasc  IIccds, ‘1’his p]aws fundinF,
fol- NASA-specific technologies (c..g, 0. lK bololwtcr  scrlsor  rc.adout  clcc(ronics  or solar-blind UV dctcclors)  in a dcgrcc  of
jeopardy. ‘1’l]c s[ra[cgy for NASA invcs[mcni  mus(  i ncludc a balance bctwc.cn ctc.vc.toping technical solutions to \vcll -
undc~s(ood  sensor dcficicncics  ia mcctiag rcquilcmcnts  for planned fu(ulc  missions, and dcvclopiag new tccllnolo~,ics  that
imp~-ovc  scientific rchm  or cnab]c ncw scicncc  to IX Pcrforlncd,  A successful slratcgy  must dc~’clop tcchno]ogics  that arc
~crl~~ai~c  to a broad llllll~bcr of anticipated s~icllcc  ll~issiolls  (c.g. rcdilccd readout ]Ioisc ill CXXM) YC( bc highly impel [ant (o
onc 01 two ncai- term plamcd  missions. Support for scicatific  rcm)otc sensing sensor technology dcvclopmcjlt  plcsclltly
comes from both the OJTkc of Advanced ~onccpis  and ‘1’cchnology  (MJc  ~) and IIIC OtTIcc of Space Scicllcc (~odc S). A
slrawmaa lisl of possible invcs(mc[d  areas that mcc.t lhcsc CI itc.ria  arc rJcscI ibcd bcto\v.

6.1 VERY lIIGII QUANTIJhl  EIWICIENCJ’  SENSORS

Vcrs high quantum  ctTcicnc\  is desired in a broad spectra! rall[l,c, ‘1’llis implies both non-obscuration of the pllotoac[il’c
~c~ion (c,g. f]olltsidc  polysilicon clcctrodcs)  and lligli  fill-faclor.  IIIuc and ultraviolet radiatioi~ is particularly susceptible to
absorption in thin, “dead” layers. la the area of ul[ravio]ct solid-state detectors, two approacl[es  can bc ccu~sidcicd. Such
tccllllology  has applicatiojl  to an advanced camcla for lIIC }Iubb]c Sp:icc q“clcscopcj aulnctous groulld-based astlollomy
fwilitics,  small explorer missions, space-based spcc[roscopy, and ad~wl~ccd  astrophysics nlissio]ls  fo~- as[ro]llc[ry.  SUCIL a
(cch~~ology lvould  bc comlnwcially  in~portaat  for labot  at ory imp,i IIg and spectroscopy applicat  io]ls, IIig,ll quatltum
cff]cicacy broadband visitrlc sensors arc also dc.sil  cd,

Accclc~atiolI  of the dcvclopmcnt  of backside illumination technology for Iargc format, slllall  pixel  size, hi~h pcrforlnancc
image sensors is a candidate a]-ca for inclcascd  NASA suppoJ  [, At tl~c present till~c, backside illumiaa[ioll  tcclll~olog?’ is
being dcvclopcd  at a number of n~aaufachrcrs  awl research laboratories. 1 [owwcr, a truly  satisfacto]-y  backside thinning,
Jxlssivation,  UV cnhanccmcnt and packa~ing  tccl}l)olo:y  IIas yc( to bc dcvc]opcd. ‘J’lIc NalioaaJ  Scicncc  l~oulda[ion  lIas
supporlcd  a thinning cfforl at the University of Arizona tlmt ~J’as iiltclldcd  to bccomc  a national facility for scicnti(ic (XI)
thinning, but there is a need for citllcr  greater supj)or[ or ccmcurlcat  dcvcloplncllt  clscJJlicrc.  ‘1’here is prc.scntly  a nlisma[cJl
bct~vcca  tllosc  companies making  Iargc format, small pixel, hif,tl pcrformncc imag,c  sensors and tllosc  companies otTcriap,
wafer thinning and UV cnhaaccmcnt.  ‘1’his mismatcl~  has left a larg,c nulnbcr  of scicncc  investigators and tccl]nolop,ists
frmtratc.d.  It should bc noted that backside illutniaatioa  technology is aJ@icablc  to activt  pixel image sensors, and rcduccs
IIIC dlawback  of rcduccd fro]ltsidc  ilhmiaa[iotl  fiJl fac[or. ‘1’lIc same challcnp,es  cxis[  for citllcr 03) or AT’S application.

!Yolot-t)[inrj  detectors

l;OI really  applications, it is diflicul( to filter  out ~isiblc illumination to tl~c Ic\’cl rcqui~ed fm scl~sitivc ultraviolet
nlcnsutcmcnts,  ‘1’llc dcvcJopmcat  o f  scmors in widel baldg,ap  lnaterials  (e.g. GaN, Sic, dianlo]ld)  Illat  a[c illtt  insically
inscusitilrc  to visible radiation (“sola~-blilld”)  would  IIMkC tllc pIoccss  of cJiil~iIlating  ally ~risib]c background greatly
sil~~plificd. }~or csamplc,  this is onc of the majoI  adval~tages  of the pllotocathodc  used in ]nicrochanncl  J)latc (MCI’)
clctcctors for lJV remote sensing, A solid-siatc  dcvicc. Ilmt \vas solar-blind yet had [hc JK1”fOrlll:l  IICC of a CXl ) ~Jould 1 ikcly
ccJipsc  M(l>-type detectors, OIIly limited activity in this aIca is presently supporicd,  mostly bj 1)01) basic ~-csca[cl~ (6-1)
~rallts. “J’lIc application of the active pixel SCIISOI (APS) concept to solaf-bliml  ma[c[  ials  cai~ bc considered a reasonable
Il]atch of ]naterial  propcr(ies  aad dc~’icc pcrfora~allcc,  F’abrica[ion of CCI)S \vitll  IIig,tl  performance ill these n]atcl  ials is not
likely duc to allticilmtcd  material limitations, SUCII as clIaIp,c lrapJ)in~,  tlmt would scJcIcJy lilnit  (“II:.

l]~]p]ovcmc]lt  of qual~tum cfllcicncy  ia frontsidc  illuminated s[mc[urcs  is also i]]lJ)or[a]l[ fo~ IIMIIy app]icatiolls,  cspcciall)
since f[ontsidc  illumil~ation  dcviccs arc simpler to nlaaufaclulc. Chndiclatc  tcchao]op,ics  for imp]ovinp,  the quantum
cflicicncy  of fl-olltsidc  illuminated structures include sJ}:\cc-coll~l):l[it)lc  n]iclolcnsc  01 binary optics tcchnolosy,  tlallsparcnt
clccirodc  Il]aic]ia]s  such as til]-oxides, ovc[laycr  tcclillology  such as a-Si for 100% fill factor 01 Sc for avalanche



multiplication, and implowcl  wavclcng[h  commicm  phosphor s!ruclurcs  such as all illtcgtalcd  Wood’s filter and lumop,cl)
combination

6.2 F,X’1’RF,M  K1 ,Y 1 /ARGlc FORM Al’1 M AGE SENSORS

l;x(rcmcly  lar~c format  imgc scnson arc desired for tc]cscopc  applications, Such sensors will likely entail  a conlbination
of wafer-scnlc intcgraiion of the image sensor, and mosaics of these sensors. For (Xl M, such large forma(s int mducc issues
of charge-tramfcr cfTlcicncy,  radiation hatdncss,  reliability, and especially readout rate. l;or example, a SCIISOI  wi(h a 10K
x 10K an ay of dc(cc(or clcmcnts (108 clcmcnts),  scad OUI at tk cmcnl  stale-of-the-art rcadou( ralc for scicul  ific scmsors  of
50 Kpixcls pcr second, would take 2000 seconds, or over a half hour to read out. SUCII a loIlg readout tilnc ildmduccs  dark
cul~cn[ conccrm as WCH as those for tclcscopc Iimc. A combiua(ion of mul[ipor( readout and higher rcadou(  rates (with the
preservation of low noise) is nccdcd. Active pixc.1 sensors may bc nlorc amcnab]c to such larg,c formats since tlwy don’t
suflcf  from charge-transfer cflicicncy  limitations, and rcadou(  rates can bc significantly higher. Such cxtrcmcly  lar~c
formals may have application to commercial clccironic photography and space surveillance.

6.3 lllGlll/Y INI’IK;RATED SCIILN’1’llrlC  IMAGING SENSORS

Sn~allcl  payloads require smaller imaging ins(mmcn(s. ‘1’hcsc  ins[run~cnts  include camera systc]m  011 l)iscovc~y-class
l~~issions, SUC1}  as comet and astcloid  rcndcz.}’ous, sut~dcc  cameras for Iandcrs  and rovers, as WCII as deep space missiom
such as the Pluto  l:asl lilyby. This will require hi@dy inlcp,ralcd inshmcnts  for ll~~llti-~lfat’clcl~g,(ll  band imap,inp,,  lli~l)ly
inlcglalcd  scicl~tific  in~agc sensors will cnab]c  rcali~.atiol~  of such sys(cms. “1’hc scientific image scnsom s]lould  have a full
digital intcrfacc  - digital input sigl~als for sensor control and digitized SC]MOJ output,  “1’his will ncccssitatc  in[cgra(ion  of 011 -
cllip  tilni]~~ and contro] circuits ,  digi[al  illtclfacc  circuits ,  on-cliip analog-to-di.gi(al  com~cl-lcrs (AI)~),  and a hip,h
pcjformallcc  inlap,c sensor. Iiithcr ~MOS-(XH) itllc[;ralion  is indica(cd,  or dcvcloplncllt  of aciivc pixc]  scllsor  tcchllo]ogics
wi[ll  sciclllitic  pclfotnlancc.  Such sensors arc also imporlalll for advanced ~uiclancc  and naviflalion  syslclt~s  and for optical
co]l~ll]lll~ica(io]]s. IIigh ICVCIS  of instrumcn[  intcglation  will also lead to li]~ll[i-~~a~~clcl)gtll  band focal-planes, so that
packaging tccllno]ogics  that address issues of oj~ctatinc  [cllqwalurc  difTcl-cnccs and other mismalcllcs  arc also l-cquircd,
“J ‘l)CIC  is enormous colnmcrcial  application of this tcchnolop,y for consumer applications such as computer inpul, video
phone, ill[clligcl)t  vchiclc sys[cms  and home surveillance. Olhcr  commercial application include machine vision for
inspection ancl assembly, biomedical ilna~ill~,  and sccuri(y sysIcms. ‘1’lvwc arc a nulllbcr of rlcfclwc  applications as WCII.

6,4 1’IIOTON-COIINTING  SENSORS

‘1’lic IIccd for sensors Illat can discrin~inatc inclividua] photons is highly desired for many adva])ccd astrophysics
application. ‘1’his  requires tllc  reduction of lCad noise  in inlcgratin[!,  (iclcctor  arrays such as C~I>s  to the sub-electron lCVC1
(c.g, 0.1 c- rms) or dc~clopmcnt  of digital  image scmors  that in[cgratc in the digital domain and arc sensitive to individual
photon cvc]its.  Such a sensor sys[cm  could comlnclcially  lcplacc  MO) and aIwlancllc  phokdiodc  arrays in a IIumbcr of
laboratol-y  instrun)cnts.

7. SUM MAR>’

‘1’his  papct has a(iclnptcd  to summarim  ihc state of tl]c all of solid-s[a[c ill]a~c  sensors for UV/visible. ilna~ill~, I’here is
cl~orl~~ous activity around the world in tl)c area of solicl-stale in~a[;c  scilsors  drit’cn primalily  by collsumcr  clcc[ronics
products such as canlcordcrs. Scientific image SCIISOI-S  rcprc.sclll  a small  Ilicllc  market for a handful of manufacturers.
While lIIC most advanced CT]) technologies arc bcin~ dcvclopcd in Japa[l, lIIC scientific image sensor lnarkcl  is donlina(cd
by US n~al~u~~c[ulcrs  using  somcivhat  o l d e r  scmiconducior  tcchnolo~ics  ai~d nlanuf:ic(uring  tcchniqucs, T’his real-kc{
domilmllcc  by lIIC US may change as Asian ]mnufaclulcls  look to scicl!lilic  sensors as a prcs[i?,c industl}r.  111~’cstmcni by
NASA ill illurp,c  SCI)SOI  R&I) may lIclp mail~tai[l  the lJS lcacl in lllis  alca, as ~Jcll  as IIWCI utlfulfil]cd  lcqui~cll~cllts  for future
NASA ll~issiol}s.  l’our major  areas suF,@cd for ii~vcs{n~cnl  include backside illuminalioll  tccl~no]ogy, cx[Tcmcly  large
formal imgc  sensors, higl)ly illtc~ratcd  scientific image sensors, and l)liotol~-co~l]~[il~~,  scllsors.
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Nalional  Acloaautics  and Space Admillistlatioa,  Ofl’Icc  of Ad~raaccd  ~oIwspts and ‘1’cclInology. Rcfcrcncc herein to ally
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